The metabolic syndrome (MetS) is associated with a threefold increase risk of cardiovascular disease (CVD) mortality partly due to increased arterial stiffening. We compared the effects of aerobic exercise training on arterial stiffening/ mechanics in MetS subjects without overt CVD or type 2 diabetes. MetS and healthy control (Con) subjects underwent 8 wk of exercise training (ExT; 11 MetS and 11 Con) or remained inactive (11 MetS and 10 Con). The following measures were performed pre-and postintervention: radial pulse wave analysis (applanation tonometry) was used to measure augmentation pressure and index, central pressures, and an estimate of myocardial efficiency; arterial stiffness was assessed from carotid-femoral pulse-wave velocity (cfPWV, applanation tonometry); carotid thickness was assessed from B-mode ultrasound; and peak aerobic capacity (gas exchange) was performed in the seated position. Plasma matrix metalloproteinases (MMP) and CVD risk (Framingham risk score) were also assessed. cfPWV was reduced (P Ͻ 0.05) in MetS-ExT subjects (7.9 Ϯ 0.6 to 7.2 Ϯ 0.4 m/s) and Con-ExT (6.6 Ϯ 1.8 to 5.6 Ϯ 1.6 m/s). Exercise training reduced (P Ͻ 0.05) central systolic pressure (116 Ϯ 5 to 110 Ϯ 4 mmHg), augmentation pressure (9 Ϯ 1 to 7 Ϯ 1 mmHg), augmentation index (19 Ϯ 3 to 15 Ϯ 4%), and improved myocardial efficiency (155 Ϯ 8 to 168 Ϯ 9), but only in the MetS group. Aerobic capacity increased (P Ͻ 0.05) in MetS-ExT (16.6 Ϯ 1.0 to 19.9 Ϯ 1.0) and Con-ExT subjects (23.8 Ϯ 1.6 to 26.3 Ϯ 1.6). MMP-1 and -7 were correlated with cfPWV, and both MMP-1 and -7 were reduced post-ExT in MetS subjects. These findings suggest that some of the pathophysiological changes associated with MetS can be improved after aerobic exercise training, thereby lowering their cardiovascular risk. metabolic syndrome; arterial stiffness; exercise training THE METABOLIC SYNDROME (MetS) is associated with a threefold increased risk of cardiovascular disease (CVD) mortality than individuals without MetS (24). Current predictions are that, by the year 2020, as much as 40% of the population will have MetS (18). Part of this increased CVD risk in MetS is attributed to the pathophysiological changes to the arterial system, namely increased arterial stiffness, carotid thickening, and higher central arterial pressures (13, 30) . A 1 m/s increase in central pulse wave velocity (PWV: a measure of arterial stiffness) corresponds to an age-, sex-, and risk factor-adjusted risk increase of 15% in cardiovascular and all-cause mortality (40). Furthermore, a 0.1-mm increase in carotid artery intima media thickness (cIMT) is associated with an 18 and 15% increased risk for a stroke and myocardial infarction, respectively (20). Therefore, it is critically important that effective interventions aimed at improving arterial health are identified.
THE METABOLIC SYNDROME (MetS) is associated with a threefold increased risk of cardiovascular disease (CVD) mortality than individuals without MetS (24) . Current predictions are that, by the year 2020, as much as 40% of the population will have MetS (18) . Part of this increased CVD risk in MetS is attributed to the pathophysiological changes to the arterial system, namely increased arterial stiffness, carotid thickening, and higher central arterial pressures (13, 30) . A 1 m/s increase in central pulse wave velocity (PWV: a measure of arterial stiffness) corresponds to an age-, sex-, and risk factor-adjusted risk increase of 15% in cardiovascular and all-cause mortality (40) . Furthermore, a 0.1-mm increase in carotid artery intima media thickness (cIMT) is associated with an 18 and 15% increased risk for a stroke and myocardial infarction, respectively (20) . Therefore, it is critically important that effective interventions aimed at improving arterial health are identified.
Aerobic exercise training has been shown to be an effective intervention to improve arterial compliance/stiffness in healthy young and middle/older persons (8, 34) . However, with metabolic disease, previous studies have examined exercise interventions in populations with a single metabolic risk factor (obesity, hypertension, hypercholesterolemia) (12, 28, 31) , or in MetS subjects with type 2 diabetes (T2DM) (10, 21) . Because the development of MetS occurs before the development of T2DM and overt CVD, it is important to know if exercise training can reverse the arterial stiffening and improve the CVD risk profile of MetS individuals before overt T2DM or CVD. Understanding the mechanisms mediating favorable changes in arterial function before the progression to T2DM is important. It is possible that the changes in the arterial expression, architecture, and/or bioactivity of structural proteins that play a major role with CVD are either reversed or ameliorated through exercise. Favorable effects of exercise on improving the balance with pro-and anti-inflammatory and oxidative stress markers could improve nitric oxide bioavailability and alter matrix metalloproteinases (MMP) and/or tissue inhibitors of MMP (TIMP) activity. MMP are regulators of tissue remodeling, and its activity is greatly affected by mechanical stretch. Chronic exercise training, which acts as a mechanical stressor to the arteries, could exert its effects by altering MMP/TIMP activity directly and/or indirectly via the anti-inflammatory and oxidative stress responses of exercise.
We examined whether aerobic exercise training can reverse arterial stiffness and improve arterial mechanics, including central pressures in individuals with MetS without overt CVD or T2DM. Furthermore, we examined the potential mechanisms (inflammation and MMP/TIMP activity) through which aerobic exercise may improve arterial health. We hypothesized that exercise training in MetS subjects would reduce central arterial stiffness compared with the nontrained MetS control group.
METHODS

Study Population
Twenty-one healthy controls (41 Ϯ 2 yr; 71% female) and 22 MetS (45 Ϯ 2 yr; 60% female) subjects participated in the study. The healthy controls were free from CVD, as determined by a detailed history, physical examination, and a normal resting and exercise electrocardiogram. MetS subjects were free from overt CVD and diabetes. Furthermore, none of the participants was a current or former smokers or was being treated for peripheral artery disease. MetS was defined according to the updated National Cholesterol Education Program, Adult Treatment Panel III (15) composed of three out of the following five components: 1) obesity (waist men Ͼ 102 cm, women Ͼ 88 cm); 2) low high-density lipoprotein (HDL) cholesterol (men Ͻ 40 mg/dl; women Ͻ 50 mg/dl); 3) hypertriglyceridemia (Ն150 mg/dl); 4) elevated glucose (Ն100 mg/dl and Ͻ126 mg/dl); and 5) elevated blood pressure (BP) (130/85 mmHg or use of hypertensive medications).
Exclusion criteria included T2DM (HbA1c Ն 6.5% or use of diabetic medications), pulmonary disease, angina, atrial fibrillation, aortic stenosis, anemia, myocardial infarction, stroke, or coronary revascularization, as assessed by a detailed medical history physical examination, and a resting and exercise electrocardiogram. Subjects who participated in regular exercise, defined as Ͼ30 min, 3 times/wk were excluded. All subjects provided written, informed consent to participate, which was submitted to and approved by West Virginia University Institutional Review Board.
Study Design
Assessments were performed between 7:00 and 10:00 AM, in a quiet, temperature-controlled room, after a 12-h fast, and abstinence from alcohol, caffeine, and vitamins. Cardiovascular medications were withheld 24 h before assessments. On completion of the anthropometric assessments and after a minimum 15 min of quiet supine rest, subjects underwent supine measures of arterial structure/function followed by a blood draw.
Body anthropometry. Height and weight, along with waist and hips circumference, were measured using standard laboratory procedures. Fat distribution was assessed by measuring the waist circumference at the site of the smallest circumference between the rib cage and the ileac crest, with the subjects in standing position. Hip circumference was measured at the site of the largest circumference between waist and thighs. Body composition was calculated from body volume of the BodPod (Life Measurement, Concord, CA). Subjects wore tightly fitting bathing suits and a swim cap during the volume measurements in the BodPod. Body mass index was calculated as weight (kg)/height (m) 2 . Arterial geometry. Ultrasound (GE Vivid i) two-dimensional images of the right common carotid artery (CCA) were obtained 1-2 cm proximal to the carotid bifurcation to measure maximal lumen diameter, and intima-medial thickness (cIMT). Cross-sectional area of the carotid artery was calculated as [(maximal lumen diameter/2)
2 ϫ ] Ϫ [(maximal lumen diameter/2 Ϫ cIMT)
2 ϫ ]. The wall-to-lumen ratio (W/L) of the right CCA was calculated as 2 ϫ cIMT/lumen diameter in diastole (13) .
Arterial function. Brachial systolic (bSBP) and diastolic (bDBP) were measured with an automated, oscillometric, sphygmomanometer (Critikon Dinamap Compact BP monitor, GE Medical, Tampa, FL), and pulse pressure (bPP) was calculated from systolic bSBP Ϫ bDBP. Pulse wave analysis was performed noninvasively on the radial artery (SphygmoCor system, AtCor Medical, Sydney, NSW, Australia). All measurements were made in triplicate, and the mean values were used for subsequent analysis. The SphygmoCor system synthesizes a central (ascending aortic) pressure waveform from the radial pressure waveform that does not differ from that of an intra-arterially recorded wave (6) using a validated generalized transfer function (5) that has good reproducibility under major hemodynamic changes (32) . These waveforms were calibrated against brachial mean arterial (MAP) and DBP to estimate aortic pressures.
The characteristics of the aortic pulse wave (Fig. 1) were determined as follows using established guidelines (18) . Forward wave pressure was defined as the difference between pressure at the waveform foot and the pressure at the inflection point and used as an index of peak left ventricular (LV) ejection velocity (P1, Fig. 1 ). LV systolic ejection duration was taken as the time from the foot of the pressure wave upstroke to the incisura of the dicrotic notch. Augmented pressure (AP), a measure of the contribution of wave reflections to SBP, was defined as the difference between aortic cSBP and the pressure at the forward wave peak. Augmentation index (AGI) provides a measure of the contribution of wave reflection pressure (i.e., AP) to cSBP relative to total PP. AGI was calculated as the ratio of amplitude of the pressure wave above its systolic shoulder (i.e., the difference between the early and late systolic peaks of the arterial waveform), to the cPP expressed as a percentage (P2 Ϫ P1/PP ϫ 100) (6) . Since AGI varies with heart rate, AGI is commonly adjusted to a "standard heart rate" of 75 beats/min (AGI@75HR). Travel time of the forward pressure wave from the aorta to the peripheral reflection site and back was determined from the time from the initial upstroke of the pressure wave to the foot of the reflection wave and used as a proxy of aortic PWV. SBP-to-DBP shifts were assessed by the SBP (shaded area, Fig. 1) and DBP (open area, Fig. 1 ) pressure-time integrals. The Buckberg subendocardial viability ratio (SEVR) index, which correlates with LV subendocardial-to-subepicardial flow ratio (an apparent marker of subendocardial ischemia) (4), was calculated as the percentage ratio of the DBP (diastolic-time index)-to-SBP (tension-time index) pressure-time integral.
Carotid-to-femoral PWV (cfPWV; central arterial stiffness) and carotid-to-radial PWV (crPWV: peripheral arterial stiffness) were measured by applanation tonometry (AtCor Medical, Sydney, NSW, Australia). ECG-gated waveforms were sequentially recorded. Aortic distance (D) was calculated as the difference in the distances from the carotid to the suprasternal notch and from the suprasternal notch to the femoral artery or radial artery. Time delay was calculated using a foot-of-the-wave method.
Using B-mode ultrasound (GE Vivid i), the right CCA strain was calculated as (⌬Dc)/D ϫ 100, where ⌬Dc is the difference between systolic and diastolic carotid diameter, and D is the diastolic diameter. CCA circumferential wall stress ϭ mean BP ϫ CCA W/L. Peak CCA circumferential wall tension was calculated as aortic SBP ϫ (Dc in systole/2).
Blood analysis. Venous blood sampling was obtained in the morning after a 12-h overnight fast. Posttraining blood samples were collected at least 48 h after the last exercise session. Serum and plasma were obtained from blood samples collected in either serum separation tubes with polymer gel/silica activator (BD Vacutainers) or plasma separation tubes (BD Vacutainers). Using standard procedures, total cholesterol, HDL cholesterol, triglycerides, glucose, and insulin were processed at West Virginia University Hospital's central laboratory in Morgantown, West Virginia. Homeostasis model assessment of insulin resistance was estimated with the following formula: insulin resistance ϭ fasting plasma insulin (in U/ml) ϫ fasting plasma glucose (in mmol/l)/22.5. Homeostasis model assessment ␤-cell function was also assessed from 360 ϫ fasting insulin/(fasting glucose Ϫ 63). Plasma MMP (1, 2, 7, 9, and 10) and TIMP (1 and 2) activity, serum adhesion molecules (serum endothelial leukocyte adhesion molecule-1, soluble cell adhesion molecules-1, vascular cell adhesion molecule-1, and tissue plasminogen activator inhibitor-1), and serum inflammatory markers (IL-6, IL-8, and TNF-␣) were run on a Luminex 100 Bioanalyzer (Luminex, Austin, TX), according to the kit manufacturer's (Milliplex ELISA kits, Millipore, MA) instructions.
CVD risk. The Framingham risk score (FRS) was calculated based on sex, age, bSBP, treatment for hypertension, smoking and diabetes status, HDL, and total cholesterol to establish an individual's general 10-yr CVD risk, along with their estimated Framingham vascular age (9) . Furthermore, we also estimated vascular age based on published sex-specific algorithms for cfPWV (PWVage) (26) .
Intervention. Individuals were assigned into either an 8-wk aerobic exercise intervention group (ExT) or an 8-wk nonexercise (Non-ExT) control group. Initially, 11 controls were assigned to the Non-ExT group; however, one dropped out for personal reasons. Data were only analyzed on subjects who completed the study. The Non-ExT groups (controls: n ϭ 10, 80% female; MetS: n ϭ 11; 55% female) were instructed to maintain their normal lifestyle activities. The ExT groups (controls: n ϭ 11, 64% female; MetS: n ϭ 11; 73% female) performed 8 wk of supervised aerobic exercise, 3 days/wk for 60 min/day at a fixed exercise intensity performed in the Human Performance Lab at West Virginia University. The intensity of prescribed exercise was based on individual results of maximal upright bicycle cardiopulmonary exercise tests with the resistance to peddling increasing by 25 W every 3 min until subjects reached exhaustion. Subjects were required to pedal at 50 revolutions/min. We deployed a ramp exercise protocol, whereby the exercise intensity started at 60% of heart rate reserve (heart rate range determined during exercise stress test) and increased every 2 wk by 10%; from weeks 6 -8, heart rate reserve was set at 85%. Adherence to the exercise prescription was documented through the use of portable heart rate monitors (E600, Polar Electro OY, Oulu, Finland) and physical activity logs. Approved modalities included treadmills, elliptical machines, and cycle ergometers. The participants were instructed to maintain current eating behaviors for the duration of the 8-wk intervention. All posttraining measurements were performed at least 48 h after the last exercise session to avoid the immediate effects of a single bout of exercise. In addition, measurements before and after intervention periods were obtained at the same time of day for each subject.
Statistical Analysis
Our sample size calculation for our primary outcome measures (cfPWV) assumed a power of 90% and an ␣-error probability of 0.05. We found that we required a sample size of at least 11 subjects to detect a clinically significant effect of exercise training on arterial stiffness, such as a difference in cfPWV of 1 Ϯ 1 (SD) m/s. Normality was evaluated by the Kolmogorov-Smirnov test. Categorical variables were compared by the 2 test. Continuous variables were log transformed as necessary, and preexercise variables were compared between groups with a one-way ANOVA with Tukey's post hoc test. To evaluate the effects of exercise training, paired t-tests and two-way repeated-measures ANOVA were used. All analyses were performed with the statistical package SPSS version 21 (SPSS, Chicago, IL). Values shown in Tables 1-3 represent means Ϯ SE, unless otherwise stated. P Յ 0.05 was defined as significant.
RESULTS
Age and anthropometric and metabolic characteristics of the healthy controls and MetS groups are shown in Table 1 . MetS and controls groups did not differ by age or sex; however, by study design, the MetS groups had significantly higher anthropometric and metabolic characteristics. Additionally, preexercise peak aerobic capacity (V O 2peak ) was lower (P Ͻ 0.05) in MetS Non-ExT ( ExT, and controls Non-ExT vs. ExT), individuals were well matched with no significant differences in age and baseline metabolic and arterial parameters.
Arterial Parameters
It is well known that MetS patients have higher central and brachial pressures, an increased arterial stiffness, and arterial remodeling compared with healthy controls. Similar differences were evident in our population (Table 2 ). In healthy controls, 8 wk of exercise training significantly reduced cf-PWV and AGI, and there was a significant time [preintervention (Pre) vs. postintervention (Post)] by group (Non-ExT vs. ExT) interaction for cfPWV. However, no other significant differences in arterial structure/function were found pre-and postexercise in healthy controls. Importantly, 8 wk of exercise training in MetS patients reduced bSBP and cSBP (cSBP), although only a significant reduction was identified in the cSBP (P Ͻ 0.05). Furthermore, AP was significantly reduced (20%, P Ͻ 0.05) in the MetS-ExT group. Although AGI was not affected by exercise training, a reduction (21%, P ϭ 0.06) in AGI@75HR was identified. Indeed, resting HR was reduced (6%, P Ͻ 0.05) in MetS-ExT group. Due to the reduction in cSBP, the systolic region of the pressure wave was reduced (9%, P Ͻ 0.05), along with an improvement in SEVR (8%, P Ͻ 0.05), in the MetS-ExT group, and there was a significant time (Pre vs. Post) by group (Non-ExT vs. ExT) interaction for SEVR. Importantly, aerobic training lowered cfPWV in MetS individuals by 9% (P Ͻ 0.05), which remained significant after adjusting for differences in MAP. Furthermore, there was a significant time (Pre vs. Post) by group (Non-ExT vs. ExT) interaction for cfPWV. In contrast, 8 wk of exercise training had no effect on improving crPWV, cIMT, carotid crosssectional area, carotid lumen-to-wall ratio, carotid wall stress, or tension in MetS-ExT subjects.
In the Non-ExT controls and MetS subjects, no differences in arterial structure and function were found 8 wk Post compared with baseline values (Table 2 ).
Blood Biomarkers
We also examined the effects of exercise training on improving metabolic markers, inflammation, and vascular proteins circulating in the blood. No differences in metabolic markers, adhesion, or the inflammation markers were evident in either the healthy controls or MetS group after the intervention (Table 3) . However, a reduction in MMP-1 (P Ͻ 0.05), and to a lesser extent MMP-7 (P ϭ 0.06), was evident after exercise training in the MetS group, but not in the healthy control group. A significant time (Pre and Post) by group (MetS Non-ExT vs. MetS ExT) interaction was identified for MMP-7.
Aerobic Capacity and CVD risk
Aerobic capacity was increased (P Ͻ 0.05) in MetS (16.6 Ϯ 1.0 to 19.9 Ϯ 1.0) and healthy controls (23.8 Ϯ 1.6 to 26.3 Ϯ 1.6) after exercise training, whereas no changes were found in MetS (18.5 Ϯ 1.6 vs. 18.2 Ϯ 1.2) and healthy controls (25.6 Ϯ 2.8 vs. 25.8 Ϯ 2.5) who remained inactive. As expected, the FRS and the vascular age calculated from the Framingham risk algorithm were higher (P Ͻ 0.05) in both MetS groups compared with healthy controls (Table 1) . Exercise training did not affect the FRS in MetS (8 Ϯ 4 vs. 6 Ϯ 3%) or healthy controls (2 Ϯ 1 vs. 2 Ϯ 1%). However, in MetS subjects, exercise training significantly reduced vascular age calculated from the Framingham risk algorithm (from 47 Ϯ 8 to 44 Ϯ 7 yr, P ϭ 0.02) and from cfPWV (from 55 Ϯ 5 to 50 Ϯ 4 yr, P ϭ 0.04). Adding PWVage to the FRS tended to reduce the calculated CVD risk (10 Ϯ 5 vs. 6 Ϯ 3%), but statistical significance was not reached (P ϭ 0.15). In contrast, neither vascular age calculated from the FRS (34 Ϯ 4 vs. 33 Ϯ 4 yr, P ϭ 0.6) or from cfPWV (40 Ϯ 3 vs. 37 Ϯ 4 yr, P ϭ 0.1) was altered in the healthy control ExT group. Similarly, adding PWV to the FRS did not alter their calculated CVD risk (3 Ϯ 1 vs. 2 Ϯ 1%).
Relationship Between Aerobic Capacity and Arterial Health
An inverse relationship (P Ͻ 0.05) was identified between V O 2peak and cfPWV ( Fig. 2A), cIMT (Fig. 2B) , AP (Fig. 2C) , and both cSBP and bSBP (Fig. 2D) . We also calculated the change (Post-Pre values) in cfPWV, cIMT, AP, AGI, AGI@75HR, and both bSBP and cSBP, and compared that to the change in V O 2peak . A significant and inverse relationship was found only between V O 2peak and cfPWV (Fig. 3) .
DISCUSSION
We have shown that MetS is associated with an increase in arterial stiffness, cIMT, carotid cross-sectional area, carotid wall stress, and tension (13) . Part of this arterial dysfunction reflects the sedentary lifestyle of individuals with MetS. We examined whether exercise training would be an effective nonpharmacological therapy to lower arterial stiffness and improve other markers of arterial health in MetS patients who had yet to transition to more adverse stages of the cardiometabolic disease, such as the co-occurrence of T2DM, or the presence of overt CVD (angina, heart attack, stroke, etc.). Of particular importance, cfPWV is significantly reduced after 8 wk of aerobic exercise in MetS subjects by almost 1 m/s, which may reflect a lowering of CVD events and mortality by ϳ14% (40). Values are means Ϯ SE. BSA, body surface area; BMI, body mass index; HDL, high density lipoprotein; HbA1c, hemoglobin A1c; HOMA-IR, homeostatic model assessment of insulin resistance; ACEI/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; ExT, exercise trained; Non-ExT, non-exercise trained; MetS, metabolic syndrome. *P Ͻ 0.05 compared with healthy control Non-ExT group. †P Ͻ 0.05 compared with healthy control ExT group.
Increasing arterial stiffness is regarded as a measure of premature vascular aging (29) . According to normative values of cfPWV (29a), the baseline biological vascular age of our MetS group may be estimated to be 6 yr older than it would be in healthy individuals of a similar age. The reduction in cfPWV in the MetS ExT group would translate into a 5-yr reversal of age-related arterial stiffening (2) and lower the FRS (with vascular age included) CVD risk by 4%. Furthermore, the reduction in cfPWV coincided with a reduction in cSBP (6 mmHg) in MetS subjects. As cSBP predicts cardiovascular outcomes more closely than bSBP (41), the reduction in cSBP is clinically relevant, whereby a 2-mmHg reduction SBP is associated with a 7% decrease in CVD mortality (19) . The reduction in cSBP can be attributed, in part, to a reduction in cfPWV and AP. A decrease in cfPWV can result in a corresponding decrease in the transmission velocity of the forward and reflected waves, causing the reflected wave to arrive later in the central aorta augmenting pressure. Thus, once AGI (an indirect measure of systemic arterial stiffness) was adjusted to a standard HR (AGI@75HR), a reduction in the reflected pressure wave was evident. The improvements in central pressure dynamics also corresponded to an increase in SEVR, an indirect marker of subendocardial perfusion (4), which may suggest an improvements in cardiac function.
Aerobic exercise training did not alter cIMT, carotid crosssectional area, W/L ratios, or carotid dynamics in MetS subjects. This lack of change in cIMT is similar to that reported elsewhere in healthy men (35, 36) , suggesting that regular exercise training typically does not alter the large conduit vessels.
Our data might suggest that exercise training exerted greater benefits to MetS subjects than healthy controls, as evident by the larger exercise-induced decreases in cSBP, AP, and tension-time index and increase in SEVR in MetS subjects compared with healthy controls. Likewise, MetS patients also exhibited a tendency to have greater reduction in cfPWV (0.7 vs. 0.3 m/s) and increase in V O 2peak (3.3 vs. 2.5 ml·min Ϫ1 ·kg Ϫ1 ) than controls. However, it must be emphasized that no significant ANOVA interaction effects were observed between MetS and healthy controls with these Pre-Post responses, and that our study was also not originally powered to test this question. Nevertheless, it is tempting to speculate the potential for greater improvement in these parameters for MetS patients may be due to their elevated baseline compared with controls and, therefore, could provide a greater range for the exercise stimulus to act on. This is an important question that will require additional research/subjects before a clear understanding is gained.
Recent evidence suggests that any initial benefit with exercise training on arterial stiffness in persons with established MetS and T2DM is attenuated over the long term (11, 21) . Whereby at 3 mo of aerobic exercise training a 14 -23% 
Values are mean Ϯ SE; n, no. of subjects. b, brachial; c, central; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; MAP, mean arterial pressure; P1 H, aortic incident pressure wave; AP, aortic augmentation pressure; AGI, aortic augmentation index; AGI@75HR, aortic augmentation adjusted for heart rate; HR, heart rate; SEVR, subendocardial viability ratio; TTI, tension time index; DTI, diastolic time index; AoTr, return of aortic reflective wave; cfPWV, carotid-femoral pulse wave velocity (PWV); crPWV, carotid-redial PWV; Dc, carotid diameter in diastole; CSA, cross-sectional area; CCA, common carotid artery; W/L wall-to-lumen ratio; WS, circumferential wall stress, WT, circumferential wall tension; Pre, preintervention; Post, postintervention. *P Ͻ 0.05 compared with healthy control Non-ExT group. ‡P Ͻ 0.05 compared with healthy control ExT group. †P Յ 0.05 compared with Pre values within a group (Controls Non-ExT, Controls ExT, MetS Non-ExT, MetS-ExT). §Significant (P Յ 0.05) group (e.g., MetS-Non-ExT vs. MetS-ExT) by time (Pre to Post) interaction.
reduction in cfPWV has been reported (21, 22 ), yet after 6 mo of exercise training the reduction in cfPWV was not maintained (21) . These data suggest that the prescription of aerobic exercise on improving arterial stiffness may be more beneficial before the occurrence of T2DM in those with MetS, than starting once the patient is already at a high cardio-metabolic risk. To what extent this initial reduction in arterial stiffness through short-term exercise training in MetS subjects without T2DM is maintained for an extended period of time warrants further investigation.
Arterial stiffness contributes substantially to cardiac workload and energetics and is inversely correlated with V O 2peak (16, 39) . We have shown that the change in V O 2peak and cfPWV with exercise training is inversely related. These data suggest that individuals with more compliant arteries may have more optimal coupling between the heart and arterial system, allowing for greater peak cardiovascular performance. Furthermore, it has been reported that MetS subjects with a high aerobic fitness have a lower risk of mortality than unfit MetS subjects (17) , which may in part be explained by the lower degree of arterial stiffening (16) .
Potential Mechanism Behind Improved Arterial Stiffness
The stiffness of the arterial system is dependent on the dynamic and material properties of the artery (42) . Sympathetic activation of the vascular smooth muscle cells causes vasoconstriction, decreasing lumen diameter, and increasing arterial stiffness. Although we did not measure sympathetic activity, exercise training has been shown to improve autonomic control in obese women (38) , which may contribute to the improved arterial stiffness in the present study.
Arterial stiffness is also, in part, modulated by endothelial dysfunction. Exercise training in both obese/MetS patients has been shown to improve endothelial function (27, 37) , which may improve arterial function via intermittent increases in shear stress, which stimulates nitric oxide bioavailability, and upregulating endothelial nitric oxide synthase protein expression and phosphorylation (14) . Changes in distending pressure affect cfPWV; however, in our study, MAP did not change, and the decrease in cfPWV remained significant after adjusting for MAP. Thus it is unlikely that a reduction in distending pressure contributed to the improved arterial compliance.
The material properties that contribute to an increased cf-PWV are increased collagen concentration, nonenzymatic glycation, resulting in the formation of collagen cross-link, and vascular smooth muscle hypertrophy (42) . Although we did not measure the amount of advanced glycation end-product deposition, we measured plasma markers of tissue remodeling (MMP and TIMP) and found that exercise training lowered circulating MMP-1 and -7. Interestingly, both MMP-1 and -7 were positively associated with cfPWV. More evidence is required to identify to what extent MMPs play a role in arterial remodeling through exercise training.
Chronic low-grade inflammation, specifically IL-6, IL-8, and TNF-␣, is thought to be involved in the pathogenesis of MetS (1) and cfPWV (23) , and in the present these markers tended to be elevated in MetS vs. controls. However, exercise training did not alter inflammatory markers in MetS subjects. This may be due to the shorter duration of exercise we used, as 1 yr of exercise training improved TNF-␣ and IL-18 in MetS subjects, with or without T2DM (3, 33). Values are means Ϯ SE. Sample size for examining the effects of exercise training on blood biomarkers are as follows: adhesion molecules (Control Non-ExT n ϭ 6; Control ExT, n ϭ 9; MetS Non-ExT n ϭ 9; MetS ExT, n ϭ 9), inflammatory markers (Control Non-ExT n ϭ 6; Con ExT, n ϭ 10; MetS Non-ExT n ϭ 9; MetS ExT, n ϭ 9), and MMP (Control Non-ExT n ϭ 7; Control ExT, n ϭ 10; MetS Non-ExT n ϭ 8; MetS ExT, n ϭ 10). s, Soluble; tPAI-1, tissue plasminogen activator inhibitor-1; MMP, matrix metalloproteinase; TIMP, tissue inhibitors of MMP. *P Ͻ 0.05 compared with healthy control Non-ExT group. ‡P Ͻ 0.05 compared with healthy control ExT group. †P Յ 0.05 compared with Pre values within a group (Controls Non-ExT, Controls ExT, MetS Non-ExT, MetS-ExT).
§Significant (P Յ 0.05) group (e.g., MetS-Non-ExT vs MetS-ExT) by time (Pre to Post) interaction.
Future Directions
To what extent oxidative stress, the sympathetic nervous system, and the structure and function of resistance vessels impacts arterial stiffness after exercise training in MetS requires further examination in both human and animal models. Given the lack of change in metabolic profile of our MetS population, it would be important to identify whether exercise training of longer durations (6 mo plus), or exercise training plus diet control would exert greater benefits on both arterial function and metabolic profile of MetS patients. Furthermore, it will also be important to conduct longitudinal studies to identify whether the beneficial effects of short-term exercise training on lowering arterial stiffness is maintained, and whether persistent exercise training can delay or prevent the transition to MetS with overt CVD/diabetes.
Limitations
There are several limitations. There may be sex differences in the effects of exercise training on arterial stiffness that could not be detected, given the small number of male vs. female subjects. Second, more direct measures of autonomic function should be used to assess whether changes in sympathetic activity contributed to a reduction in cfPWV. Another limitation is the circulating levels of MMPs do not necessary reflect what is going on at the arterial sites. However, because the changes on the cellular level are reflected in body fluids, determination of MMPs in blood have been recommended as noninvasive tools in the diagnosis and monitoring of several diseases (25) . Although we reviewed each participant's medical history and performed a physical examination, we cannot completely rule out that participants may have had some degree of peripheral artery disease. Despite this, exercise training in MetS (with or without peripheral artery disease) significantly improved arterial health. Four of our MetS pa- tients had a body mass index Ͼ40 kg/m 2 indicating they were severely obese. However, being severely obese did not limit their ability to improve arterial function, as we repeated the statistical analyses excluding these individuals and found that the main story of the paper did not change. Lastly, a potential limitation is the measurement of plasma lipids obtained from lithium heparin-coated collection tubes, given that heparin precipitates some lipoproteins. This may explain, in part, the lack of change in blood lipids postexercise training.
In conclusion, the present study indicates that aerobic exercise training is an effective approach to reduce arterial stiffening and improve CVD risk profiles in individuals with the MetS (without T2DM and overt CVD). Whether long-term aerobic exercise training maintains the beneficial effects on arterial stiffness in MetS and delays the transition to T2DM requires further study.
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